Coliphage P1 consists of an icosahedral, DNA-containing head and a complex tail (47; Fig. 1 ). The tail has a tube surrounded by a contractile sheath. At the distal end of the sheath is an ill-defined baseplate to which kinked tail fibers (probably six) are attached. At the proximal end of the sheath is a cap (occasionally seen on tails unattached to heads). The head is attached to the tail via a neck which protrudes from a vertex of the head (47) . The neck is attached to the head via a head-neck connector (which is only seen when the head is empty or has been disrupted).
One of the unique characteristics of P1 is that it normally produces isometric heads of at least three different sizes (PlB, P1S, and PlM, having diameters of 86, 65, and 47 nm, respectively [47] ). As part of an approach to determine how the different head sizes are assembled, we examined 103 P1 amber mutants to identify those defective in head structure.
A genetic map for Pl (Fig. 2) , which includes these 103 amber mutations, has been established (49) . Two-factor crosses permitted assignment of the mutations into 10 linear arrays, or linkage clusters, I through X, with mutations in cluster X behaving as two subgroups, X-1 and X-2. However, cistron designations, apart from those originally assigned by Scott (39) , were not assigned because complementation tests in liquid frequently gave ambiguous results.
With other phages, amber mutants can be divided into two major classes depending on whether they have a gene defective in a function which is required early or one which is required late in phage particle development. Late genes are involved in particle morphogenesis (e.g., production of proteins which become structural components of the particle) or in cell lysis.
Generally, early gene mutants (i.e., those defective in regulation of transcription, DNA synthesis, or recombination) do not allow synthesis of any of the late gene products, including those causing lysis. Thus structural defects (this paper). In doing so, we identified those mutants whose defects are in early functions, in lysis functions, and in head and tail morphology. In addition, because the genetic (39, 50) and physical (21, 34, 38, 43, 45) locations of these mutations on the P1 genome VOL. 45, 1983 (which is a streptomycin-resistant Sh-15 strain) (5) and the tetracycline-resistant sup+ strain Sh-16supF constructed by Van Montagu (50) . Phage strains were P1 vir (the supervirulent mutant P1 kcvirs of Sarkar that grows on strains lysogenic for P1 [39] ), P1 amber mutants ( Fig. 2)13 , 16, 19 , and 21 of Scott (39) , and 51 P1 amber mutants of Walker and Walker (49) . These P1 amber mutants also have the vir mutation (i.e., they are vir amber double mutants); for simplicity these mutants will be referred to as aml3, etc., without the vir designation.
Media, phage assays, and the preparation of phage stocks. Media, phage assays, and the preparation of phage stocks were as described previously (50) .
Preparation of defective lysates of amber phageinfected cells. At 0 min the desired amber mutant was added (at a multiplicity of infection of 4 to 6) to a logphase L-broth culture of S. dysenteriae sup' strain Sh- 15 . vir amber mutants were used to avoid lysogenization (32) , and amber' P1 vir was included as a control.
After allowing 10 min at 37°C for adsorption in the LINKAGE CLUSTER CISTRON I presence of 5 mM CaCl2, the culture was filtered to remove unadsorbed phage, diluted 2.5-fold in fresh medium containing 5 mM MgSO4, and incubated at 37°C with vigorous shaking. With the onset of lysis (usually at 60 to 70 min when it occurred), DNase and RNase were added to final concentrations of 1 ,ug/ml. At 110 min, when lysis was complete, a sample of the lysate was prepared immediately for electron microscopy as described below, and the lysate was assayed, with supo and sup' strains Sh-16 and Sh-16 supF, for viable phage and revertants. Under these conditions titers for mutants on sup' cells were lower by a factor of 104 than those obtained using a P1 vir lysate as a control. This is comparable to results obtained for T4 (55) and P2 (32) . Such titers for mutants are due primarily to transmission of ambers.
The remaining lysate was chilled, and 5 ml was centrifuged (at 35,000 rpm for 2 s at 4°C in an SW50.1 rotor) to pellet unlysed cells and cell debris. The supernatant fluids were centrifuged (at 22,000 rpm for 2 h in the same rotor) to pellet any phage components present. The pellet was left at 4°C for 2 days to resuspend in 0.25 ml of culture fluid (i.e., a 20-fold concentration of phage components), and a sample was prepared for electron microscopy.
Serum blocking assays. Those defective lysates used for electron microscopy were also assayed for serum blocking antigen (SBA (Fig. 2) 1 , II, V, VI, VII, VIII, and IX and parts of IV and X (i.e., X-1). By analogy with other phages, these mutants would be defective in late genes involved in particle morphogenesis.
The number of cistrons represented by these 83 mutants is unknown. Therefore, 47 mutants (underlined in Fig. 2 ) were chosen for study by electron microscopy from the maximum possible number of cistrons in the following way. These 47 mutants represent (i) at least one mutation from each of the groupings of mutations (shown in Fig. 2 as vertically stacked under very close hash marks or within parentheses) that had been found (49) not to show complementation and (ii) each of the single mutations outside these groupings. In addition, eight mutants (also underlined in Fig. 2 ), representing those that cannot cause cell lysis (linkage clusters III and X-2) or that cause premature cell lysis (linkage cluster IV), were also included in this study.
Serum blocking assays. P1 tail fibers are only 1 to 2 nm in thickness (47) and so are only seen by electron microscopy when they are attached to phage particles and when the staining conditions are such as to give optimal contrast between the fibers and the background (Fig. 1) 45, 1983 cells, these lysates were tested for SBA both before and after sonication to cause cell lysis; negative results were obtained in both instances, indicating that these negative results were not due to a failure of the cells to lyse. (Mutants in cluster III also did not lyse the host cells, but gave positive SBA results, indicating that sonication does not adversely affect SBA activity.) Cluster X-2 mutations have been shown to be in the same cistron (cistron 10), and mutants representing this cistron are probably defective in the expression of late genes (50) . Since SBAs are late gene products, this would explain why negative results are obtained with defective lysates of these mutants.
All of those mutants (74, 75, 21, 35, and 171) located in the right part of linkage cluster IV gave normal levels of SBA. However, mutants (31, 56, 33, 72, 66 , and 49) located in the left part of cluster IV gave negative SBA results (i.e., SBA values of less than 1), indicating that these mutants produce few, if any, tail fibers. The significance of these results obtained with the latter six mutants is discussed in the next section.
Serum blocking assays confirmed electron microscopic examination (see below) of the mutants in the cases in which normal amounts of sheathed tails were produced. That is, tail fibers were seen by electron microscopy on particles produced by all of the mutants that produced normal amounts of sheathed tails (either extended or contracted), except mutants (Fig. 1 ) prepared at the same time as the defective lysates were examined in parallel. The types of phage structures seen before and after centrifugation were similar except that where unattached tails had sheaths which had slipped down from the top of the tail before centrifugation (mutants in cluster VII and the right part of VI; see below), there was a decrease in the proportion of tails relative to polysheath after centrifugation. This decrease is probably caused by the sheath subunits dissociating from the tail tubes after centrifugation and polymerizing to form polysheath during resuspension of the centrifuged pellet at 4°C for 2 days, conditions which allow sheath subunits to polymerize in T4 (1). Where tails (either attached to or free from heads) had extended sheaths before centrifugation, the majority had contracted or semicontracted sheaths after the concentration steps. Lysates which showed full heads before centrifugation showed full heads after centrifugation if the heads were attached to tails. However, a high proportion of empty heads were seen after centrifugation if the full heads were not attached to tails before centrifugation. Results are summarized in Table 1 and Fig. 17 .
Mutations affecting tail assembly. Mutations affecting tail assembly are located in linkage clusters IV through VIII. Each tail-defective mutant produces complete heads. The heads of mutants 33, 72, and 66 (in linkage cluster IV) are attached to tails which are complete except that they are missing tail fibers (Fig. 3 ). These mutants do not show serum blocking power, which confirms that fibers are not present either attached or unattached to the particles. However, it is unclear whether the whole tail fiber is missing or just the distal portion, because short projections, which could be part of the baseplate, are occasionally seen protruding from the base of the sheath, and the serum blocking assays did not distinguish between these possibilities. Therefore, it remains unknown whether the kinked P1 tail fiber is made of more than one polypeptide and whether the mutations of mutants 33, 72, and 66 are in the same gene.
Mutants 49, 74, 75, 21, 35 , and 171 in cluster IV and mutants 135, 107, and 45 in cluster V produce complete heads and polysheath (Fig. 4) . In T4 phage, completed baseplates are required for the tube polypeptide to initiate polymerization to form the tube, and then the sheath polypeptide polymerizes around the tube to form the tail (26) . However, unlike the tube polypeptide, the sheath polypeptide can polymerize by itself to form polysheath. Therefore, the presence of polysheath alone means that the defect is in the baseplate, whereas the presence of polysheath and baseplates means that the defect is in the tube (or baseplate, if the defect has not damaged the structural integrity of the J. VIROL. baseplate but only the ability of the tube to be built upon it.) The baseplate of P1 ( Fig. 1) is much thinner than that of T4 and has not been seen unattached to the P1 particle; therefore, the defect of these cluster IV and V mutants could be in either baseplate or tube formation. In addition to this defect, am49 does not show serum blocking power, indicating that tail fibers are not produced. This mutation is located next to mutations 33 Therefore, the defect of am180 is probably in sheath subunit production. No baseplates were seen attached to the tubes. This is probably due to the baseplates detaching from the completed tubes because, in amber' P1 lysates, contracted tails without baseplates are often seen (47) . Alternatively, because am45, which has a defect in either the baseplate or the tube, does not complement am180, it may be that am180 is polar on am45 and is therefore missing both sheaths and baseplates.
Mutants 19 and 138 (both in cistron 5 in cluster VI) show particles which are complete except that all of the tails are semicontracted or contracted (Fig. 6 ). The defect of these mutants is probably in a baseplate component that is necessary for baseplate stability. That is, either this component is of minor importance for baseplate assembly or the mutation occurs at a location in the gene that allows formation of an almost complete polypeptide that does not prevent baseplate assembly. In either case, tail assembly and head-tail joining could occur, but the resultant baseplate would be unstable and cause tail contraction. Mutants with mutations in gene 9 in T4, which have a defect in baseplate completion (25, 27) , show a phenotype similar (12) to that of these P1 mutants. Because the phenotype of these P1 mutants is different from that of the nine mutants (in clusters IV and V) discussed above, they could be defective in a different baseplate component and represent a different gene. This is supported by the fact that they are in a different linkage cluster and are physically separated by other P1 genome restriction fragments that carry other genes (see Fig. 17 ).
Mutant 79 in cluster VI produces polysheath and complete heads attached to short tails. These tails have sheaths of various lengths ( Fig.   7 ) with baseplates and tail fibers attached, and it is apparent that the defect of am79 affects tail length. In some instances the tails are so short that although a baseplate is seen, it cannot be determined whether any sheath subunits are present. Mutants 26, 32 , and 109 in cluster VI produce complete heads, polysheath, and unit-length sheaths (Fig. 8) (Fig. 9) . However, the sheath on the tubes is contracted and has slipped down from the top of the tubes, and in some cases some of the sheath material is lost. In addition, unit-length sheaths are also seen, which could arise from the sheaths slipping completely off the tubes. This phenotype suggests that the defect of these mutants is in tail stability. Mutants same cistron in cluster VII) have a similar phenotype (although no unit-length sheaths were seen), suggesting that their defect is in tail stability also. However, in addition to complete heads, polysheath, and tails with slipped sheaths, these mutants also produce contracted tails with polysheath attached (Fig. 10) . These two groups of mutations (27, 39, 53, 22 , and 116, and 30 and 113) are located in two different linkage clusters (Fig. 2) 3 and 15 . For example, the P1 genes could code for (i) the tail cap structure occasionally seen on P1 tails unattached to heads and (ii) the ringlike structure (seen attached to the base of the neck on tails where abnormal contraction has left the proximal part of the tube exposed; Fig. 9, inset) , which is thought to stabilize the extended sheath and anchor it to the tail tube (47) . In this regard, the contracted tails with polysheath attached seen in the cluster VII mutants could arise if the tail cap was missing and sheath subunits continued to polymerize onto the tail, past the top of the tube.
Tail tubes separate from sheaths are seen in lysates of some of the mutants in linkage cluster VI, where the tails are not attached to the heads (Table 1 ; Fig. 9 and 11 ). However, since they tend to occur in aggregates, they are not distributed evenly on the grid; thus, their presence may be overlooked in lysates of other mutants. This might explain why none were seen in am32 and am53 lysates. However, with these mutants, unit-length sheaths with or without tail tubes were seen, which confirms that tubes are made. Therefore, the absence of tail tube aggregates does not change our conclusions concerning the defects of these mutants. Additional structures seen in lysates of some of the mutants in cluster VI are stacked tails (Table 1 ; Fig. 6 and 9 ). These were seen infrequently, and their significance is unknown.
Mutant 142 (in cluster VIII) produces complete particles with semicontracted or contracted tails (similar to those seen with aml9 and am138), complete heads, and polysheath. Therefore, the defect of am142 is probably in baseplate formation. Other mutants in cluster VIII (am139, aml40, and am7l) only produce complete heads and polysheath. Their defect could therefore be in baseplate or tube formation. It is not known how many cistrons these four mutants represent. If they are all in the same cistron, their defect could be in baseplate formation with am142 located in the distal part of this cistron.
Mutations affecting head assembly. Mutations affecting head assembly are located in linkage clusters II, V, IX, and X-1. Mutants in cluster II (150, 62, and 108; Fig. 12 ) and cluster X-1 (16, 64, 136, 131, 43, and 112; Fig. 13 probably in the same gene, which we will refer to as gene 4, a designation originally made by Scott (39) for am7. (Complementation results with am62 and amlO8 were ambiguous; therefore, we are unsure whether the mutation in amlO8 is located in this gene.) For similar reasons and because the mutants in linkage cluster X-1 are rescued from two adjacent fragments of the P1 genome (see Fig. 17 ), one of which also contains at least part of the P1 ci gene and the other of which is flanked by a 0.62-kilobase-pair (kb) fragment which contains at least part of gene 10, the mutations in linkage cluster X-1 are assigned to a single gene (gene 9, a designation originally made by Scott [39] for aml6), although there is a possibility that these mutants could represent more than one gene.
The empty heads produced by gene 9 and cluster II mutants are similar (in size and in the thickness of the capsid shell) to empty mature heads seen in amber' lysates. Therefore, they are presumed to be mature heads that are lacking DNA, rather than proheads.
In T4, mature, empty, unattached heads (and complete tails) are produced by mutants with defects either in various head completion genes (8, 11, 26) (14, 33) . Heads of mutants in these genes are empty, either because they were not filled with DNA or because they were unstably filled and subsequently lost their DNA (8, 17) . Genes in other phages that are involved in head completion are genes 4, 10, and 26 in P22 (6, 36) , which code for three minor structural proteins required for head stability, and gene D in X (24), which codes for a protein that is added to the mature capsid shell and whose presence is also required for DNA cutting (4, 23) .
From their phenotype, the P1 gene 9 mutants could be defective in one of these functions. In this regard, Sternberg (personal communication) recently found that, unlike mutants in genes 4, 8, and 23, gene 9 mutants cannot cleave P1 DNA at pac, the site for initiation of DNA packaging (see Fig. 17) ; therefore, like genes 2 and 3 in phage P22 (31) , the P1 gene 9 product is involved in the recognition and cleavage of P1 DNA at pac. With other phages, conversion of proheads to mature heads usually occurs concomitantly with DNA packaging. Gene 9 mutants apparently cannot initiate DNA packaging. Therefore, in P1 either conversion of proheads to mature heads can occur independently of DNA packaging or P1 proheads resemble mature heads in size and shell thickness.
The cluster II mutants could also be defective in one of these functions (except for DNA cleavage because, as mentioned above, Sternberg found that cluster II mutants can cleave P1 DNA at the pac site). Like the mutants in linkage clusters II and X-1, a single mutant (amll5) in cluster V and the mutant (aml3) that represents cluster IX (i.e., gene 8) produce complete tails and unattached empty heads. With aml3, the head/tail ratio is 1:2 (1,967 particles were counted). However, with amll5, very few heads were seen (the head/tail ratio was 1:30, with 431 particles counted), and input phage could account for these heads. Attached to the tails of both amll5 and amt3 mutants are structures resembling the neck and head-neck connector (Fig. 14) . The neck and head-neck connector are part of the head. This suggests that the heads were originally assembled, filled with DNA, and attached to the tails, but were unstable and subsequently either disintegrated (amllS) or dissociated from the tail, leaving behind at least some of the neck and head-neck connector (aml3). Such instability could be due to the absence of a minor head protein, e.g., a minor head shell protein (amllS) or a head-neck connector protein (aml3). Alternatively, because so few heads are seen in amllS lysates, amllS could be defective in the major head protein. In this case, the structures seen would not be a neck and head-neck connector but an aberrant structure similar to that seen in T4 (called the extension [8] ), which consists of an aberrant accumulation on the top of the tail of five proteins normally assembled into the head as part of the neck and head-neck connector or added to the head-neck connector after head-tail joining.
Mutations affecting particle maturation. Mutations affecting particle maturation (47, 141, 34, 128, 132, and 57) comprise linkage cluster I. The mutants in cluster I do not show complementation (49) and are rescued from a 0.92-kb restriction fragment of the P1 genome flanked by fragments carrying other genes (see Fig. 17) ; therefore, these six mutations are probably in the same gene (gene 1). Particles produced by the six mutants are complete except that, in all of the mutants except 57, heads tend to be empty and the tails are in various stages of contraction (Fig. 15) . Mutant 57 produces complete particles with at least partially filled heads and extended sheaths (Fig. 16) mutants defective in genes 7, 16, and 20 (6, 36) and T4 mutants (11, 12, 26) defective in genes 2, 4, 11, 12, 50, 64, and 65 (which produce at least some morphologically normal phages). Genes 11 and 12 are tail genes, coding for a baseplate component and short tail fibers, respectively. All of the remaining gene products are incorporated into the head at early stages of assembly, but their functions vary; e.g., some are involved in the DNA injection process, and some (in T4) are involved in cleavage of head proteins. The P1 mutants could have one of these head gene defects (although it is not known whether there is cleavage of Pl head proteins). Alternatively, because of the instability of the tail, they could have a defect in a tail gene, e.g., a baseplate gene. The difference observed between am57 and the other mutants in this cluster could be explained by the am57 mutation being in the distal part of the gene to give a more complete polypeptide and hence a more stable particle. In support of this is the fact that am57 is located at one end of the cluster with respect to the other five mutants examined (Fig. 2) .
Mutations affecting host cell lysis. Cells infected separately with eight mutants that cannot cause cell lysis (gene 17, linkage cluster III, or gene 10, cluster X-2) or that cause premature cell lysis (gene 2, cluster IV) were examined by electron microscopy at the incubation time (110 min) at which lysis would be complete in cells infected with lysis-positive mutants. (50) . In addition to very few particles being seen by electron microscopy, serum blocking assays are negative with these mutants, and the burst size is low (50) . These results can all be explained by too few phage particles being produced by the time that lysis occurs.
DISCUSSION
Gene designations of mutations affecting P1 morphogenesis. We determined the phenotypes of 47 Pl amber mutants by use of electron microscopy and serum blocking assays. Eleven (Fig. 17) showed head defects, thirty showed tail defects, and six had a defect in particle maturation that could be either in the head or in the tail. When we consider the unambiguous results from complementation tests, the genetic and physical positions of the mutations, and the phenotypes of the mutants, we can assign most of these mutations to genes (Table 1 and Fig. 17 ). Exceptions are mutations 108, 33, 66, 74 , and 142, which could be located in different genes than those indicated (i.e., genes 4, 19, 20, and 26 (Table  1) , these four mutations could be in the same gene because they are located in a relatively short region of the genome (Fig. 17) . However, it is not known whether mutations 74 and 49 are in the same gene (gene 20) because, although they show similar phenotypes, they give ambiguous results in complementation tests (49) , and the precise location of am74 on the physical map is unknown.
Mutations affecting head morphogenesis. As a result of these gene designations, it is seen that the 11 mutations causing head defects are located in four (or at most six) genes (genes 4, 23, 8, 9, and perhaps the particle maturation gene 1 and a gene represented by amlO8). In T4, head assembly involves the products of at least 20 genes, about half of which constitute the finished particle (53) . P22 head assembly requires the products of 11 genes, about 6 of which are in the finished particle (53) . With its head shell, head-neck connector, and neck structures, P1 heads are at least as complex as P22 heads. In support of this, results from gel electrophoresis examination of P1 particles indicate that they consist of 28 proteins, of which 15 are in the head, 9 are in the tail, and 4 are either in the head or the tail (51) . Of the 15 (to 19) head proteins, 4 are coded by a region of the genome, between map units 24 to about 32, that is not essential for particle formation. However, it is not known whether any of the remaining 11 to 15 head proteins result from cleavage or fusion of polypeptides during head assembly. In addition, it is not known whether there are any proteins (such as the scaffolding protein in P22) that are not components of the final virion structure. Nevertheless, it is likely that more than four (to six) genes are required for P1 head assembly. In this regard it is of interest to note that adjacent to head genes 4 and 8 (Fig. 17) 45, 1983 and 14) that are located near gene 4 and that are required for lytic growth of P1. These could be head genes. (Another new gene described by Razza et al., gene 15, is located near genes 22 and 23 and could be either a head or a tail gene.)
Only three phenotypes are produced by amber mutations in the four head genes. These phenotypes are (i) complete tails and separate empty heads (genes 4 and 9), (ii) complete tails with necks and head-neck connectors and separate empty heads (gene 8), and (iii) complete tails with necks and head-neck connectors (or extensions) (gene 23). As mentioned above, gene 9 mutants are defective in a function required for DNA cleavage at pac (N. Sternberg, personal communication). The defect of cluster II mutants is unclear, but could be in a minor protein (such as a neck protein) or in a protein required for DNA packaging (other than that required for DNA cleavage at pac). The second and third phenotypes suggest either a defect in a minor head protein that leads to a filled, attached, but unstable head or a defect in the major head protein that leads to an accumulation of the neck and head-neck connector proteins at the top of the tail to form a structure called the extension by Coombs and Eiserling (8) . Head-defective phenotypes not seen, which might represent head genes not as yet detected, are as follows. (i) Proheads. Unless P1 proheads resemble mature heads, none were seen. Other phages produce proheads in defective lysates of mutants having mutations representing various different genes. Therefore we would expect to have more than one gene in which the mutant allele results in prohead production. In this regard, it could be, as mentioned above, that Pl proheads are unstable and can convert to mature heads independently of DNA packaging. (ii) No heads. In other phages, mutations in the major head gene result in mutants that do not produce heads. Although P1 mutants that do not produce any heads at all have not been found, the gene 23 mutant produces very few heads (1 head per 30 tails), so this gene might code for the major P1 head protein. (iii) Spiral head structures, such as those seen in mutants of P22 defective in scaffolding protein (28) or in mutants of X defective either in the minor head proteins B and C (24) or in the scaffolding protein Nu3 (37) . (iv) Polyheads, such as those seen in T4 mutants defective either in the core protein, an internal protein, the vertex protein, or in proteins required for correct capsid initiation (12, 13, 30, 40, 56) . Polyheads are also seen in K mutants defective in genes B and C. (v) Particles with only small heads (P1S particles). A unique property of Pl is that, in addition to normal, infectious, big-headed (P1B) particles, it also produces 10 to 20% noninfectious, small-headed PlS particles (47) .
It would be useful in studying head size determination to have a mutant that produces P1S particles only. So far, the only Pl phage that produce an increased proportion of P1S particles (i.e., 50% P1S and 50% PlB particles) are those that are deleted for a region of the genome that is not essential for particle morphogenesis (i.e., map units 24 to 32) (Fig. 17) (20) . The determinant in this region for this change in the PlS/PlB ratio is designated vad for viral architecture determination (20) .
Mutations affecting tail morphogenesis. The 30 mutations causing P1 tail defects are located in at least 12 genes (genes 19, 20, 16, 3, 21, 22, 5, 6, 24, 7, 25 , and 26; Fig. 17 ). There could be up to five additional tail genes (represented by mutants 72, 66, 49, and 142 and perhaps including gene 1, which is involved in particle maturation). In T4, tail assembly (including tail fibers) requires the products of 29 genes, and all but 7 of them become part of the final structure. The Pl tail is less complex than that of T4 (i.e., the baseplate is thinner and less well defined). Results from gel electrophoresis studies indicate that the P1 tail is composed of between 9 and 13 proteins (51). However, it may be that some of the baseplate components are small and required in low quantities and so were not resolved by gel electrophoresis.
Of the structural tail genes in T4, 1 gene codes for the tube; 1 for the sheath; 4 for the tail fibers; 14 for the baseplate; and 2 for the structures that add to the top of the tail to stabilize it. The 12 to 17 P1 tail genes consist of 1 (gene 22) coding for the sheath; between 6 (genes 20, 3, 16, 21, 5, and 26) and 10 (the additional genes being gene 1, gene 24, and genes represented by am49 and am142) coding for baseplate or tube production (of which only 1 would code for tube production); 2 or 3 (genes 7, 24, and 25) coding for tail stabilization; 1 (gene 6) affecting tail length; and 1 (gene 19, represented by am72) or more (represented by am33 and am66) coding for tail fibers. In addition, Razza et (57) . The inner circle represents the physical genome, divided into the numbered digestion fragments generated by restriction endonuclease EcoRI (2) . Genetic symbols within this circle represent functions not required for phage morphogenesis (except pac); for a complete list of these functions and their references, see Yarmolinsky (57) . pac is the site where DNA packaging initiates (arrow indicates direction of packaging). Other symbols and functions: c genes, establishment and maintenance of lysogeny (c6 and c8 were found in phage P7); inmmC and imml, bipartite immunity system; res and mod, restriction and modification; dar, defense against restriction; vad, viral architecture determination; gta, generalized transduction affected; lyd, lysis delay; cin, C loop inversion; virs, virulence; sim, superimmunity; ant or reb, antagonism or bypass of cl repressor; par, plasmid partition; incA and incB, plasmid incompatability; rep, plasmid replication; ori, origin of replication; cop, plasmid copy number; ban, dnaB analog; loxP, locus of crossover in plasmid; and cre, site-specific recombination. Outer circle, 100 map units (equivalent to percent of the 90-kb genome). On this circle, C denotes the invertible C loop; ISJ denotes insertion sequence 1. Between the outer circle and the arcs are numbers representing amber mutations. The locations of these amber mutations on the physical map were determined by marker rescue experiments, using cloned fragments of P1 DNA (21, 34, 38, 43, 45) . The arcs denote extent of linkage clusters (roman numerals). Numbers outside these arcs denote genes (gene numbers 5, 6, 24, 7, and 25 are repeated above their relevant functions). A query denotes the uncertain gene designation of am74. Diagrammatic representations of the amber mutant phenotypes and functions of the genes are noted. Asterisks beside baseplate notations mean that one of these genes could code for the tail tube. Imprecise locations of genes or amber mutations are denoted by parentheses around the relevant symbol or number. 5 kb) into the G loop (by analogy with Mu [46] ); therefore, the remaining portion (1.4 kb) of the gene would include one of the 0.62-kb inverted repeats and extend at least 0.78 kb outside the inverted repeat. If the 105,000-MW protein is not a fusion product, even more of gene 19 could be located outside the C loop. This is because amber' alleles of two Mu genes, one of which (U) is wholly within the G loop and another of which (S) is partially within the G loop and partially in the ot region (16) , are rescued from P1 (45) . This suggests that there is another gene in addition to gene 19 in the P1 C loop. Products of both the U and S genes are required for Mu adsorption (46); therefore, in P1 the two analogous genes could code for the distal (gene 19) and proximal parts of the P1 tail fiber.
The following findings support the suggestion that gene 19 is partially outside the C loop and that it includes one of the inverted repeats. The P1-related phage P7, which has a 0.2-kb deletion (or substitution) within the right inverted repeat (7), produces a 100,000-MW protein instead of the 105,000-MW P1 tail fiber protein (51) . (These findings also suggest that gene 19 extends to the right rather than to the left of the C loop.) Transcription of gene 19 is leftward from am49 (because am49 is polar on gene 19; Fig. 2) . Also, no polypeptide fragment of the 105,000-MW protein is seen after sodium dodecyl sulfatepolyacrylamide gel electrophoresis of am72 (unpublished data). Therefore, unless the amber fragment has been degraded, this mutation must be near the end of gene 19 that is proximal to where transcription is initiated.
The model of gene 19 as being partially within and partially outside the C loop is consistent with the following findings: (i) Mu and P1 have partial serological cross-reactivity (45) , and (ii) the host range specificities of these two phages are within (or near) these invertible regions (45, 46) . By analogy with T4 (3), these host range specificities are probably located in the tail fiber genes of the phages.
Assembly of P1 particles. By examining the structures obtained in defective lysates, it is seen that P1 heads and tails can be assembled independently. This suggests that, like T4, these Pl structures have independent assembly pathways. However, in P1, tail fibers are often seen attached to headless tails. Therefore, unlike T4 tail fibers, P1 tail fibers can attach to the tail before head-tail joining occurs. (This had already been suspected because the P1 tail fibers are not long enough to reach from the baseplate to the head, such a length being required for the addition of tail fibers to T4 particles.)
Distribution of mutations. The P1 amber mutations affecting particle morphogenesis are not equally distributed among the designated genes. For example, including mutations not studied in the work reported here (Fig. 2) , there are 13 mutations in gene 1 and only 1 mutation in each of genes 22, 23, and 8. We do not know the sizes of these genes, but it may be that there are "hot spots" of mutation (obtained by hydroxylamine), as was found in P22 (36) . In support of this, we do know that there are 10 mutations in gene 10, which codes for a protein of 64,000 MW (18) involved in late gene expression (50) , and a maximum of 3 mutations in gene 19, which codes for a 105,000-MW tail fiber protein. The existence of hot spots of mutation could explain why some of the head-defective phenotypes described above have not yet been seen.
Correlation of phenotypes with the P1 genetic and physical maps. The 103 P1 amber mutations have been assigned (49) to 10 linear arrays or linkage clusters (I through X; Fig. 2 ). Because complementation tests in liquid often gave ambiguous results and not all mutants were tested in all combinations, only some of the mutations were put into groups that showed no complementation. The 55 amber mutant phenotypes (i.e., including mutations in genes 17, 2, and 10) that we determined correlate with the linear arrays of the corresponding mutations. For example, in linkage cluster VI, mutants 26, 32 , and 109 show one phenotype and mutants 27, 39, 53, 22, and 116 show another. In addition, except for mutants 180 and 45 (which may be polar mutants), all mutants tested that were found not to complement (Fig. 2) showed the same phenotype.
We previously suggested (49) that the phenomenon of linkage clusters might result from a variety of underlying causes, such as recombination hot spots, long segments of silent DNA, or regions for which there were no known mutations. The physical position of the mutations comprising the linkage clusters is now known (Fig. 17) (54) , that the single P1 tail tube gene is located in this region beside the sheath gene. In the third region we found one or two baseplate genes, a tail length gene, two or three tail stability genes, and one or two baseplate or tail tube genes. In this region the baseplate genes are separated by other tail genes. However, unlike genes 3 and 15 of T4 (54) , the two to three P1 tail stability genes are located together.
The four to five known Pl head genes are in four regions of the genome. This would argue against clustering of functionally related head genes. However, some expected P1 head genes have not yet been detected and could be located in two main regions for which there are few known genes. One of these regions comprises map units 10 to 20 and could theoretically code for about 10 genes, including head gene 4, the head gene represented by am108 (if different from gene 4), and genes 13 and 14 found by Razza et al. (38) . The other region comprises map units 84.5 to 94, which could code for 9 or 10 genes, including head gene 8. In addition, it is interesting to note that head gene 9, which is adjacent to pac, the site at which DNA packaging is initiated, has now been found to code for P1 DNA cleavage at this site (N. Sternberg, personal communication).
In addition to lysis gene 17, P1 probably has a second lysis gene (lyd [20] 19.) Genome organization of P1 compared with that of other phages. The functionally related genes of P1 are not clustered as conservatively as they are, for example, in X, in which all head genes are in one region, adjacent to all of the tail genes in another region, and in which all the genes determining other functions (such as integration, excision, recombination, gene regulation, replication, and lysis) are in the remaining region of the genome (10) . The organization of the P1 genome more closely resembles that of T4 (54) , in which the tail genes are located in at least six regions and the head genes in at least five regions. In T4, these morphogenetic gene clusters are interspersed with genes concerned with, for example, DNA metabolism. In P1, morphogenetic gene clusters are interrupted by many genes that are expressed in the prophage, such as the genes for establishment and maintenance of lysogeny, plasmid replication, immunity, or restriction and modification of DNA. As for the precise functions of the genes for which we have amber mutants, further investigations with other techniques are required.
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